The generation of EST information is an essential step in the genomic characterisation of species. In the context of the European Network Marine Genomics, a common goal was to significantly increase the amount of ESTs in commercial marine mollusk species and more specifically in the less studied but ecologically and commercially important groups, such as mussel and clam genera. Normalized cDNA libraries were constructed for four different relevant bivalves species (Crassostrea gigas, Mytilus edulis, Ruditapes decussatus and Bathymodiolus azoricus), using numerous tissues and physiological conditions. In this paper, we present the analysis of the 13,013 expressed sequence tags (ESTs) generated. Each EST library was independently assembled and 1300-3000 unique sequences were identified in each species. For the different species, functional categories could be assigned to only about 16 to 27% of ESTs using the GO annotation tool. All sequences have been incorporated into a publicly available database and form the basis for subsequent microarray design, SNP detection and polymorphism analysis, and the placement of novel markers on genetic linkage maps.
Introduction
Bivalves are prominent members of marine communities, and have attracted the attention of both scientists and laymen for centuries, due to the conspicuous and often astonishingly beautiful structure in which they live: the shells. But bivalve species have also important roles in ecosystems. As filter feeders, they form a significant link with primary producers (mainly phytoplankton and bacteria), and also act as calcium and carbon accumulators, which they use in their shell construction. Some species thrive around deep-sea hydrothermal vents, where they have evolved intriguing life-styles based on symbioses with micro-organisms. Moreover, many bivalve species have an added commercial value as food (oysters, clams, scallops and mussels) or other uses (e.g.: pearl oysters). In spite of all this, bivalves have lagged behind other taxa with respect to studies of their genome biology (reviewed in Hedgecock et al., 2005; Saavedra and Bachère, 2006) .
As of November 2006, the NCBI Entrez taxonomy browser retrieved 13,722 entries for "Ostreidae", 673 for "Veneridae" and 7281 for "Mytilidae". Among them, 4583 entries came from the Pacific oyster Crassostrea gigas, 29 for the venerid Ruditapes decussatus, 1066 for the blue mussel Mytilus edulis and 117 for the deep-sea mussel Bathymodiolus azoricus. In the particular case of hydrothermal vent species, available sequences from the Genbank database mostly consisted in mussel endosymbiont 16S sequences, mitochondrial cytochrome oxidase I, 18S/28S partial genes, and less than 10 functional genes. These data contrasted with other marine invertebrates when compared to the 21,400 entries obtained for Penaeus sp., the 27,000 entries for Carcinus sp. and the 15,000 entries for Daphnia sp., which are the main studied crustaceans and the availability of whole genomes such as the sea urchin Strongylocentrotus purpuratus, or the sea hare Aplysia california and the nematod Caenorhabditis elegans. Amongst bivalves, most of the sequencing effort was only restricted to the oysters C. gigas and C. virginica leading to a very partial and biased view of the codon usage and the mutation distribution in bivalves. When considering C. gigas, the complete mitochondrial genome is available together with 370 microsatellite-containing sequences. EST collection program for the Pacific oyster C. gigas mainly used hemocyte cDNA libraries (Gueguen et al., 2003 ; http://www.ifremer.fr/GigasBase), and substractive cDNA libraries dealing with the identification of genes related to stress response to pollutants and/or parasites (Boutet et al., 2004; Tanguy et al., 2004; Tanguy et al., 2005) or abiotic factors (David et al., 2005) but also in response to summer mortality effects (Huvet et al., 2004) . Although these studies increased our knowledge by several hundreds of targeted genes, they greatly contrasted with a remarkable library of 4.6 million ESTs in C. gigas, available from a genome-wide scan of gene expression in inbred and hybrid individuals carried out by Lynx Therapeutics (http://www.lynxgen.com/), using Megaclone™ and massively parallel signature sequencing or MPSS™ technologies (Brenner et al., 2000a,b) . cDNA libraries and their corresponding EST collections have been made available over the last few years in other bivalve species, such as the American oyster (C. virginica), the Mediterranean blue mussel (M. galloprovincialis), and the scallops Argopecten irradians and Pecten maximus (reviewed in Saavedra and Bachère, 2006) . Since their discovery in 1977 (Corliss et al., 1979) , invertebrate species from deep-sea hydrothermal vents, and in particular the Mytilidae, have attracted great attention due to their ability to live in extreme environments that are mainly characterised by high temperatures and depths, low pH, high toxic sulphide species levels (Blum and Fridovich, 1984) , radionucleides, and naturally high concentrations of bioavailable metals (Desbruyères et al., 2001) . Several studies have already dealt with the effect of these environmental parameters on B. azoricus physiology, such as heavy metal detoxification processes that occurred during the course of eukaryotic evolution (Rousse et al., 1998; Bebianno et al., 2005; Kádár et al., 2005) and oxidative stress response (Blum and Fridovich, 1984; Fridovich, 1998) . Most of these studies are based on chemical or enzymatic activities approaches and very few molecular studies have been carried out. The blue mussel Mytilus spp. combines a significant economic importance and an equally relevant role as sentinel species for pollution in coastal waters in many areas of the world. They also proved to be good models to understanding speciation in the sea owing to their numerous hybrid zones observed worldwide (Rawson, 2005) . On the other hand carpet shell clam aquaculture based on R. decussatus is one of the oldest aquaculture practices in Europe and used to be one of its most important marine resources until the 60's, when a series of diseases started to eradicate natural clam beds. In the beginning of the 70's some European countries started to import the Japanese clam R. philippinarum because of its natural resistance to some of the diseases that almost annihilated the native carpet shell clam. Nowadays carpet shell clam is still heavily harvested in many countries, and particularly in Portugal, due to its economic importance. According to the Food and Agriculture Organization, production of carpet shell clams represents between fifty and seventy percent of the 10,000 t of bivalves produced in Portugal since 2000. Despite the great importance of this living resource, very few studies were conducted on the molecular biology of this bivalve.
In the context of the European Network Marine Genomics, a common goal was to significantly increase the amount of ESTs of commercial marine mollusk species and more particularly in the less studied but ecologically and commercially important groups, such as mussel and clam genera.
In this paper, we present the results of a collaborative research of 7 research groups aimed at increasing genomic information in bivalves and developing tools for general use, such are cDNA libraries and EST collections. Our research was performed in the framework of the Marine Genomics Europe (MGE) Network of Excellence (http://www.marine-genomicseurope.org). This network is devoted to the development, utilization and spread of high-throughput approaches for the investigation of the biology of marine organisms and the functioning of marine ecosystems. This involves the dedication and the development of common research infrastructures, both in genomics and in marine biology. This effort parallels others carried out elsewhere to push forward research on marine biology from a genomic perspective, such as the Marine Genomics organization led by Hollings Marine Laboratory, Charleston, South Carolina in the USA (McKillen et al., 2005) . We report here the production of new cDNA libraries from bivalves, which have resulted in a total of 13,013 EST sequences from 4 species of special interest due to their biological role in the ecosystems they inhabit or to fisheries and aquaculture production: the Pacific oyster C. gigas, the carpetshell clam R. decussatus, the blue mussel M. edulis and the deep-sea mussel B. azoricus. Multiple normalized libraries were constructed for this sequencing effort and are still available for further sequencing in order to increase the EST collections. This database will complement previous ESTs available in GenBank and was developed with the aim of sharing the largest information between the European laboratories of the "Fish & Shellfish" MGE node to perform joint studies in the fields of both environmental and functional genomics in marine bivalves. Data obtained will be thus used to develop tools for: 1) transcriptomics using micro-arrays for environmental studies and RNAi as promising functional tools 2) population genetics through the discovery of new polymorphism markers (SNP, microsatellites) and, 3) genome evolution based on the comparison of multiple sets of orthologous genes.
Materials and methods
2.1. Biological samples 2.1.1. Oyster samples A mixture of several individuals of C. gigas representing different physiological or stressful conditions has been used to prepare mixed RNA extracts from different tissues in order to diversify and maximize expression of various genes. RNAs used for the "stressed" library construction were extracted from the digestive gland of oysters submitted to hydrocarbons (Boutet et al., 2004) , pesticides and hypoxia (David et al., 2005) stress that were used in previous studies. Total RNA used for the "control" library was extracted from the digestive gland of control oysters used in the same studies. RNA used for the "gonad" library was extracted from 7 individuals, males and females, at four different stages of gonadic development (early stage of gonadium divisions with glycogen reserves; -a male and a female at beginning of maturation (laboratory conditioning); -a male and a female at maturation stage (laboratory conditioning); two fully mature females from natural ponds). Total RNA used for the "gill" library was extracted from 20 control and pathological challenged-oyster hemocytes (5 non-infected oysters; 5 oysters sampled 24 h after an injection of a mix of heat-killed bacteria (Vibrio anguillarum, V. tasmaniensis, Micrococcus luteus); 5 oysters sampled 24 h after an injection of the same mix of bacteria but alive, and 5 oysters stimulated by 24 h bath with same bacteria mix). Gonad and hemocytes RNA was extracted using the Trizol reagent (Gibco BRL) according to the protocol described by Gueguen et al. (2003) .
Mussel samples
Samples of B. azoricus were collected from the hydrothermal vent site Menez Gwen (840 m depth: latitude: 37°5056′ Nlongitude: 31°3127′ W) at the Azorean triple junction on the Mid-Atlantic Ridge during the cruise ATOS 2001 (Chief Scientist: P.-M. Sarradin). Total RNA was extracted from the gill, adductor muscle, mantle and digestive gland of 5 specimens using the Trizol reagent (Gibco BRL). M. edulis samples were collected from the Ebro River Delta and total RNA was extracted from gill and male gonad.
Clam samples
Samples of R. decussatus were collected in Faro, in the Ria Formosa lagoon system which spreads along the mid region of the southern Portugal coast. Prior to sacrifice, clams were stressed by submitting them to quick changes of temperature and salinity, to improve RNA representatively. Total RNA was extracted from all tissues from 20 samples using the acid guanidinium thiocyanate-phenol-chloroform method (Chomczynski and Sacchi, 1987) .
cDNA library construction and sequencing
Oyster, clam and mussel normalized cDNA libraries were constructed using cDNA SMART-kit (Clontech) and the thermostable duplex-specific nuclease (Zhu et al., 2001; DSN) . mRNA purification and concentration were performed using the Dynal's oligo-dT magnetic beads. cDNA library from B. azoricus was constructed using the SMART PCR cDNA synthesis kit (Clontech) and Poly(A+) mRNA was isolated from total RNA using the PolyATtract®mRNA Isolation System (Promega, Madison, WI, USA). Normalized libraries were produced to optimize the random sequencing from cDNA library, by equilibrating the abundant and rare transcripts.
Sequencing of oyster, clam, and mussel normalized cDNA libraries was performed at the Max Planck Institute (Berlin, Germany) using Capillary Sequencer systems: ABI 3730 XL and GE Healthcare (formally Amersham-Pharmacia) MegaBace 4500, and the ABI BigDye Terminator v.3.1 sequencing kit for both sequencing systems. Sequencing of the B. azoricus library was performed at the Genoscope (Evry, France) using an ABI 3730 automatic capillary sequencer and the ABI BigDye Terminator v.3.1 sequencing kit.
Sequence analysis
The ABI sequence data were base-called using 'phred' (www.phrap.org) and subsequently clipped for bad-quality and vector using 'lucy' (compbio.dfci.harvard.edu/tgi/software) with standard parameters. If necessary, repeats were masked using 'RepeatMasker' (www.repeatmasker.org). Clustering and contig assembly was performed using the 'TGI Clustering tools developed at TIGR (compbio.dfci.harvard.edu/tgi/software). The clusters were sporadically reviewed using 'clview'. Assembled cDNA clusters were automatically screened against UniProt (BLASTX) and all ESTs from EMBL (BLASTN). Results were compiled in HTML tables, showing the blast hits and the cluster consensi from the cap3 alignment file. All hits are linked to EMBL UniProt. Best hits to UniProt were directly linked to Gene Ontology (GO) data from EMBL (if available).
For the search of SNPs, the program 'PolyBayes' was used (genome.wustl.edu/tools/software/polybayes.cgi); all member sequences of a given cluster/contig were aligned against its consensus sequence and analyzed. Output was parsed and results were compiled using an inhouse written Perl script. Presence of simple sequence repeats (microsatellites or Simple Sequence Repeat) was checked with the program Tandem Repeats Finder (Benson 1999) , and only repeats of 2-6 bp with more than 5 copies were considered.
Analysis of DNA base composition and codon usage bias
Open reading frames (ORFs) were identified by choosing the longest possible translation into amino acid sequence. Sequences with an ORF smaller than 100 codons (300 bp) were removed from datasets. To build clusters of ESTs corresponding to the same gene, the Bazin et al.'s algorithm (2005) developed to construct the Polymorphix database was used. Two sequences were clustered into the same family if they shared a N 300 bp-long fragment with similarity N 95%. Only the longest ORF of a cluster was used to compute tables of codon usage. The frequency of synonymous codon per amino acid was computed by transforming the coa_raw outfile of the program CODONW (Peden, 1999) in a Microsoft® Excel spreadsheet. A synonymous codon was inferred as "optimal" when its frequency significantly increased with EST counts (Duret and Mouchiroud, 1999) . This was tested by non-parametric Spearman's correlation in JMP v5.0© (SAS Institute Inc.). The GC-content was computed at third coding positions (GC3) and the frequency of optimal codons (Fop; Ikemura, 1985) were then computed.
Results and discussion

EST sequencing and general characteristics of the cDNA libraries
About 1200 to 3200 clones were randomly selected from each cDNA library and single-pass sequenced, resulting in the characterization of a total of 13,013 ESTs that coalesced into 124 contigs and 1814 singletons for the R. decussatus, 374 contigs and 5228 singletons for C. gigas, 362 contigs and 1918 singletons for B. azoricus and 60 contigs and 2865 singletons for M. edulis. The average size of sequenced inserts was comprised between 500 and 700 pb according to the species. A variable number of SNP, comprised between 250 and 1200 according to each species, was also identified in the sequence data set (Table 1) . On a first analysis, the level of redundancy was found to be weak in the normalized libraries, suggesting a very good representation of the transcriptome in the whole library. Moreover comparing the numbers of singletons before and after compilation of data from different tissues of C. gigas (Table 1) only indicates an overall 7% redundancy between tissues. The normalized libraries are therefore relevant tools for marine genomics and suitable to continue the sequencing effort and increase the EST collections for each species.
Gene Ontology (GO) has been widely used to characterize gene function annotation and classification (Ashburner et al., 2000) . GO describes gene function using controlled vocabulary and hierarchy including molecular function, biological processes, and cellular communication. In this study, between about 16 and 27% of ESTs have been annotated using the GO annotation tool. The large number of ESTs with no hit is common in studies on mollusk species (Boutet et al., 2004; Huvet et al., 2004; Bultelle et al., 2002) , mainly because of the great level of amino acid divergence found between invertebrates and the reference taxa currently used in genomics. This could also be explained by the lack of EST datasets on mollusc species in Genbank and the fact that a large proportion of genes in these species do not share orthologous relationships, but rather represent novel gene The last GO term for biological processes was found for the protein metabolism and a surprising and unexpected low number of ESTs involved in sugar or lipid metabolism was obtained from these libraries. According to the species, only 0.8 to 6% of GO-annotated ESTs encode for proteins belonging to the metabolism category. The largest number of annotated sequences was found for a final GO term in cellular components including the intracellular and membrane proteins that represent from 36 to 44% of the annotated ESTs among all GO categories. By comparing the four species ESTs partitioning in GO categories, we did not find strong differences except for C. gigas which exhibited a weak enrichment in metabolism-related genes. All results are presented in Table 2 .
3.2. Expressed sequence tags from C. gigas: relevant molecular tools for unravelling physiological regulations and stress response
Knowledge on physiological mechanisms is crucial in the economic context of controlling the reproduction and the growth of bivalve mollusks. Gaining insights into the molecular and functional features of genes in mollusks should indeed help improving hatchery production and may contribute to our understanding on the evolution of physiological regulations in animals. One key EST retrieved from this sequencing project that deserves particular attention with respect to physiological regulation of the oyster C. gigas codes for a new invertebrate insulin-related peptide which appears structurally distinct from the one recently characterized (Hamano et al., 2005) . Insulin signals are essential for growth, development, reproduction, and metabolism in both vertebrates and invertebrates. This superfamily of proteins was also found to be a determinant of lifespan in various animal species (Barbieri et al., 2003) . Despite the availability of a cDNA encoding a tyrosine kinase insulin receptor in C. gigas (Gricourt et al., 2003) and the actual functionality of vertebrate insulin/IGF ligands in mollusks (Giard et al., 1998; Gricourt et al., 2006) , the gain of a sequence encoding an endogenous insulin will definitely help to decipher the involvement of this central (neuro)endocrine factor in the coordination of growth, reproduction, and metabolism in relation with the nutritional status of the oyster. This sequencing project has also generated a number of ESTs encoding potential receptors for extracellular ligands. Apart from the activin type 2 receptor which nicely completes the repertoire of TGF-beta superfamily receptors in C. gigas : for review), most receptors encoded by ESTs fall within the large family of G Protein-coupled receptors (GPCRs). This includes the calcitonin-related receptor recently characterized from C. gigas (Dubos et al., 2003) but also a variety of new GPCRs displaying homology with vertebrate and invertebrate neurotransmitter, (neuro)peptide, and (neuro)hormone receptors (Table receptors) . Following the characterization of a given GPCR, identification of the cognate ligand can be achieved using classical reverse endocrinology approaches (Staubli et al., 2002; Tensen et al., 1998) . Application of these methodologies will most likely reveal key regulatory molecules for the control of C. gigas physiology. In addition, deorphanization of these GPCRs might also contribute to a better understanding of the evolution of ligand receptor pairs in bilaterians. Data obtained here in C. gigas represents one of the six major pieces of work already published on EST libraries in this species. Interestingly, most of the unique sequences obtained in this study are new when compared to those found in previous reports even if some of the RNA samples presently used to construct two of the four tissue-specific cDNA libraries in C. gigas (stress and control digestive gland) were common with SSH libraries from previous studies (Boutet et al., 2004; Tanguy et al., 2005; David et al., 2005) . Only few common genes were retrieved from the 2669 sequences obtained in the stress and control normalized libraries compared to the 1000 genes previously identified in the SSH libraries. Such results can be surprising because normalized cDNA libraries have been constructed from the same RNA samples but also indicate that SSH approach remains a powerful method in discriminating highly and rare mRNA transcripts expressed in specific physiological conditions. New genes such as catalase and glutathione peroxidase have been identified from the normalized libraries. Catalases are currently used as biomarkers in impacted ecosystem monitoring studies (Narbonne et al., 2005) and never been described at a molecular level in a bivalve species. Several members of P450 family have also been found. P450 genes form a very complex family that involves different classes of functions. It is likely that P450s play a pivotal role in the physiology of marine invertebrates by catalyzing the biosynthesis of signal molecules, including steroids. The great gene diversity within the family results from subsequent gene duplications that occurred during the course of eukaryotic evolution (Nelson and Strobel, 1987; Cunningham et al., 2006) . In marine invertebrates, P450 enzymes with physiological functions have received little attention as the majority of studies focused on the role of P450s in the metabolism of environmental pollutants, mainly Polycyclic Aromatic Hydrocarbons (Rewitz et al., 2006) . We also discovered a gene coding for the p53 tumor suppressor, which is fundamental in cell cycle control and apoptosis. It has previously been described in mussels and may therefore represent a potential marker for environmental assessment (Ciocan and Rotchell, 2005; Muttray et al., 2005) .
3.3. Expressed sequence tags from the mussels B. azoricus, M. edulis and the clam R. decussatus: new molecular tools for environmental stress studies
The two Mytilus cDNA libraries showed very little overlap, with some 90% of ESTs found in only one of the two libraries. This agrees with the divergent nature of the two studied tissues, gills and testes, used to construct the libraries. The study of gill transcripts was intended to identify genes relevant for environmental monitoring, as gills constitute the first barrier again toxicants from the environment. Conversely, the testes library was intended to improve our knowledge of male-specific transcripts. A set of ESTs identified as potentially useful for the environmental studies such as HSP90, ferritins, Mytilin C, resistance-related pro NRamp and metallothionein 10. An important number of new stress sequences, not previously deposited in GenBank, were discovered in this study. This includes a new cytochrome P450 family member, a putative natural-resistance macrophage protein, and two new HSP 70 and HSP 40 genes. Four new lectin-like genes, which are among the first of their kind described in mollusks, were also found. The list of new sequences also includes two putative testesspecific genes, as well as an extended sequence for an already identified putative acrosomal protein. The value of these sequences in sex determination and environmental monitoring is currently investigated.
The sequencing of a Bathymodiolus cDNA library allowed us to identify many genes known to be involved in both metallic and oxidative stress responses. For example, ESTs coding for a thioredoxine, a metallothionein 20-I and a glutathione peroxydase have been identified. These enzymes are part of the array of antioxidant enzymes. Two members of this array, the superoxide dismutase and the catalase, have not been found. They are known to be induced by various environmental prooxidant conditions: exposure to various types of compounds, temperature (Buchner et al., 1996; , lipid peroxidation by heavy metals (Bebianno et al., 2005) and hypoxia/hyperoxia (Abele-Oeschger et al., 1998) . Specific proteins recently described as being regulated by oxidative stress in other marine species, such as SHG in Littorina littorea, have also been discovered (Larade and Storey, 2002, unpublished) . Moreover, at least 5 distinct paralogous genes encoding for members of the ferritin family with several EST copies each, have also been fully sequenced. Full sets of paralogous genes were also found for other key proteins such as the glutathione-Stransferase (GST). Ferritins have two main functions, iron detoxification and iron storage, and play an important role in the cellular homeostasis as the physiological source of iron for the cell. They have also been shown to play a role in biomineralisation in the bivalve Pinctada fucata (Zhang et al., 2003) . Ferritins are known to be regulated by many factors, including anoxia (Larade and Storey, 2004; Geiser et al., 2003) . Recent results also suggest a role of ferritins as a protector against oxygen free radical-mediated damage (Orino et al., 1997) , and acting in cellular proliferation (Le and Richarson, 2002) . The study of the pro-oxidant/antioxidant balance and detoxification of ROS that are critical for cellular homeostasis is of crucial interest among the main research areas on vent species (Winston and Di Giulio, 1991; Lemaire and Livingstone, 1993; Livingstone, 2001) .
In invertebrates, lectins play a decisive role in the humoral defence against pathogenic organisms. Lacking immunoglobulins, bivalves must rely on lectins, molecules capable of agglutination and acting as opsonins, as some authors have demonstrated (Wilson et al., 1999) . In bivalves, lectins are involved in cell recognition and have an opsonic role in hemocyte phagocytosis, although the full range of their functions remains to be understood (Glinski and Jarosz, 1997; Tunkijjanukij et al., 1998) . Studies performed with different bivalve and bacterial species (and isolates) have revealed a wide range of possibilities. Some lectins may act by simply binding to bacterial surfaces and cause agglutination, or both agglutinating and nonagglutinating lectins can act as bridge molecules between the surfaces of bacteria and hemocytes, enhancing the phagocytic process (opsonization). Lectins can either be soluble in the hemolymph or can be detected on the external surface of the cell membrane of hemocytes of C. virginica (Vasta et al., 1984 ) and in mussels (Pipe, 1990) . Different kinds of lectins were found in the present clam, mussels and oysters ESTs. Lectins were classified according to binding specificity and conserved domains in sialic acid binding, galactose binding, C-type lectins, tachylectins, fucose binding. Among these, C-type lectins form the best characterized family and these genes have in common the presence of a carbohydrate recognition domain and the Ca 2+ requirement for sugar binding (Drickamer and Taylor, 1993) . Among the 36 lectins found in the present study, 19 were related to C-type lectins, 1 to fucolectins, 6 to galectins, 5 to sialic acid binding lectins and 1 to tachylectins. Interestingly, protein alignments between C-type lectins encoded by all available ESTs show a clear conservation of the WxD residues, responsible for Ca 2+ binding, and the cysteine residues involved in the promotion of disulfide bonds.
SNP analysis
A SNP datafile was obtained from an analysis of the whole set of the annotated sequences with the goal of identifying putative polymorphic sites in both coding and untranslated regions of ESTs characterized in the libraries. A high number of SNPs has been identified in all species. Estimates of SNP abundance vary from 250 in R. decussatus to 1168 in C. gigas. In C. gigas, protein polymorphism as been found to be one of the highest recorded among animals with an average heterozygosity above 20%, corresponding to three to four times the mammalian average (Hedgecock and Sly, 1990) . This high polymorphism was also reported in an analysis of C. gigas BAC libraries and was explained to rather be due to genome duplication than simple allelic variation (Cunningham et al., 2006) . In a previous study of expressed DNA sequences of C. gigas, Curole and Hedgecock (2005) reported a frequency of one SNP every 40 base pairs and one indel every 33 base pairs. In a more recent analysis of nucleotidic polymorphism at a populational level, similar levels of nucleotide and indel polymorphism were found for C. gigas together with a very high population recombination rate. SNPs found in the libraries will be first validated with direct genotyping and followed by screening in samples from natural populations. We plan to compare the frequency spectrum of synonymous and nonsynonymous polymorphism in order to infer the effect of selection acting on the latter. These SNPs will also be used for further physical mapping and population genetic studies to detect putative selective effects in coding regions of genes regulated by environmental stressors. Comparing genetic structures across natural population from disturbed and undisturbed ecosystems using these markers is therefore envisaged for all species.
Tandem repeats
Simple sequence tandem repeats (SSR), also known as microsatellites, are an excellent source of genetic markers to use in linkage map production, parentage assignment and population genetic studies (Zane et al., 2002) . We found a small amount of microsatellite-containing ESTs in the four bivalve species, always representing less than 0.5% of all ESTs obtained for a given species. Frequency of SSR-containing ESTs varied greatly across species, with clam showing 4-6 times more abundance than the remaining species. The most frequent motifs were di-and tri-nucleotides, but there was a significant heterogeneity in the abundance of the most dominant type of repeats -i.e. di-vs tri-nucleotide) across species (p b 0.05) (Fig. 1) . The putative identity of this set of sequences could not be found with BLAST procedures. Base composition of repeats also varied widely across species, with a bias towards GC-rich motifs (data not shown). GA/CT and CA/GT dinucleotides were found, with large variance in abundance among species: GA/CT were the only motifs found in C. gigas, and CA/GT the only found in B. azoricus. M. edulis and R. decussatus had both. Heterogeneity in motif abundance among species has previously been observed in bivalves (Cruz et al., 2004 ).
GC-content and codon usage bias
The simple procedure we used to infer ORFs resulted in a reduction of the dataset sizes used for analyses of the codon usage in bivalves (Table 3 ). The average GC-content at the third position of codons was low for the four species. In the two species of Mytilidae (B. azoricus and M. edulis), GC3 was as low as 30%, a small value hardly ever reported in Metazoa but found in some Nematodes (Cutter et al., 2006) . As explained above, libraries normalization was appropriate, and only a small proportion of genes was present more than once in the datasets (Table 3) . Redundancy was nonetheless high enough to conduct a correlation analysis of synonymous codon frequency with EST counts in three species, C. gigas, B. azoricus and M. edulis. In the clam species R. decussatus, however, redundancy was very low and none of the synonymous codons significantly varied with EST counts. The average frequency of each synonymous codon is presented in Table 4 . As the genome of marine bivalves is globally GC-poor, AT-ending codons are more frequent on average. However, frequencies of synonymous codons do vary between genes and the frequency of some codons significantly increases with EST count which is here used as a rough estimate of expression levels (see Duret and Mouchiroud, 1999) . The frequency of optimal codons (Fop) significantly increases with EST count and the best correlation observed in the mussel M. edulis is presented in Fig. 2 . This result suggests that selection for translational efficiency is operating in marine bivalves as was suspected in invertebrate species investigated to date (Duret, 2002; Cutter et al., 2006) . Synonymous codons that increase in frequency with expression levels globally tend to end with a C or a G. In a GC-poor genome, these codons are weakly used on average (Table 4) . It means that selection for translational efficiency tends to favor rare codons. Although the average frequency of optimal codons increases with the number of EST copies found in the library, it remains always low even in highly expressed genes (Fig. 2) . The pattern of codon usage observed in marine bivalves therefore seems unusual when compared to previously investigate invertebrate genomes (Duret, 2002) and deserves more attention.
Conclusion
The increasing number of mollusk EST databases available in GENBANK can now serve as a starting point to perform new promising gene comparisons with other related genomes, and especially Molluska genomes for a better understanding of their evolution in the marine fauna. Phylogenetic studies can also be envisaged in order to distinguish evolutionary history from adaptation and to help in the characterization of putative function of specific proteins in mollusk species by identifying conserved sequences cores in sequences but also to resolve the phylogenetic relationships of these groups. Clones can be used to survey and explore gene expression in natural populations or hatcheries using microarray assays. The increasing number of SNP and microsatellites would also be very helpful to investigate genetic polymorphism in bivalves, and could help producing useful genetic maps. Current developments of linkage maps and genome characterization of C. gigas , Cunningham et al., 2006 , the present study) will help to further document the physiology and genetics of marine bivalves and especially to identify QTLs for economically important traits such as growth, stress or disease resistance.
